Animals and fungi diverged from a common unicellular ancestor of Opisthokonta, yet they exhibit significant differences in their components of Ca 2þ signaling pathways. Many Ca 2þ signaling molecules appear to be either animal-specific or fungalspecific, which is generally believed to result from lineage-specific adaptations to distinct physiological requirements. Here, by analyzing the genomic data from several close relatives of animals and fungi, we demonstrate that many components of animal and fungal Ca 2þ signaling machineries are present in the apusozoan protist Thecamonas trahens, which belongs to the putative unicellular sister group to Opisthokonta. We also identify the conserved portion of Ca 2þ signaling molecules in early evolution of animals and fungi following their divergence. Furthermore, our results reveal the lineage-specific expansion of Ca 2þ channels and transporters in the unicellular ancestors of animals and in basal fungi. These findings provide novel insights into the evolution and regulation of Ca 2þ signaling critical for animal and fungal biology.
Introduction
Ca 2þ -mediated signaling regulates diverse aspects of cellular functions in bacteria, plants, fungi, and animals (Norris et al. 1996; Berridge et al. 2003; Zelter et al. 2004; Clapham 2007; Kudla et al. 2010) . In order to fit the specific physiological requirements of each cell type, a specific set of proteins are selectively employed from a large repertoire of Ca 2þ signaling molecules. For instance, Ca 2þ influx through spermspecific CatSper Ca 2þ channels is crucial for sperm cell hyperactivation and male fertility in mammals (Qi et al. 2007) and Ca 2þ release through the intracellular ryanodine receptor channel is necessary for skeletal and cardiac muscle contraction (Zalk et al. 2007 ). It had been generally believed that many ion channels and transporters in the animal Ca 2þ signaling machinery were animal specific and were developed in ancient multicellular animals (Case et al. 2007 ).
Recent molecular and genomics studies on a choanoflagellate, Monosiga brevicollis, one of the closest unicellular relatives of animals (Steenkamp et al. 2006; Carr et al. 2008; RuizTrillo et al. 2008) , reveal the presence of cell surface adhesion molecules, receptor tyrosine kinases, and several other signaling molecules previously thought to be restricted to animals (King and Carroll 2001; King et al. 2003; King et al. 2008; Li et al. 2008) . We also identified in M. brevicollis extensive Ca 2þ signaling and amplification pathways (Cai 2008) . However, several key components of the animal Ca 2þ signaling machinery, such as ryanodine receptors and CatSper channels, are still thought to be animal innovations (Cai 2008; Cai and Clapham 2008) . In contrast to the complex Ca 2þ signaling machinery in animals ( fig. 1A) (Berridge et al. 2003; Clapham 2007) , fungal species utilize a relatively simpler regulatory system including several distinct types of membrane proteins that control intracellular Ca 2þ concentrations (fig. 1B) (Zelter et al. 2004; Bencina et al. 2009) . A fundamental and essentially unexplored question in Ca 2þ biology is how the Ca 2þ signaling machineries in animals and fungi evolved to accomplish their distinct characteristics in each lineage, which is directly related to our current understanding of the origin of Ca 2þ signaling pathway. Belonging to the eukaryotic supergroup Opisthokonta, animals and fungi diverged from a common unicellular ancestor approximately 1 billion years ago (Ruiz-Trillo et al. 2007; Rokas 2008) . The complex multicellularity within animal and fungal lineages appears to have occurred independently from lineage-specific unicellular relatives. Interestingly, the evolutionary origin of the integrin adhesion complex critical for intercellular communication was recently shown to predate the divergence of Opisthokonta (Sebe-Pedros et al. 2010) . In this study, we have examined genomic data from several close relatives of animals and fungi ( fig. 1C) . We demonstrate the dynamic evolutionary pattern of ancestral Ca 2þ signaling molecules in the early evolution of animals and fungi. We also provide evidence for the ancient origins of many Ca 2þ signaling components.
Materials and Methods

Database Searches and Multiple Sequence Alignments
BlastP and TBlastN searches (Altschul et al. 1997) were performed using protein sequences of Ca 2þ signaling molecules from Homo sapiens, M. brevicollis, and Saccharomyces cerevisiae as queries against the Origins of Multicellularity Database (http://www.broadinstitute.org/annotation/geno me/ multicellularity_project/ MultiHome.html), the Broad Institute Genomic Database (http://www.broadinstitute. org/scientific-community/data), and the National Center for Biotechnology Information Genome Database (http:// www.ncbi.nlm.nih.gov/blast/). In cases, when TBlastN searches identified putative genes of interest that had not been annotated or currently annotated genes in the databases were believed to be incomplete, GeneMark.hmm (Lomsadze et al. 2005) and FGENESH programs (http:// www.softberry.com/berry.phtml?topic5index&group 5prog rams&subgroup5gfind) were used to predict the genes of interest by using identified DNA segments and their neighboring regions of genomic sequences.
Further Blast searches using hit sequences from the first round of searches were repeated to identify potential distantly related homologs. In addition, PHMMER searches (HMMER 3.0, http://hmmer.janelia.org/) were also performed against protein data sets downloaded from the Origins of Multicellularity Database and six-frame translations of genomes built by the Unipro UGENE program (http:// ugene.unipro.ru/index.html).
Protein sequence data sets were aligned using ClustalX (Larkin et al. 2007 ) and/or MAFFT (Katoh and Toh 2008) and were subsequently manually edited to improve alignments displayed with the Blosum62 Similarity Scoring Table in Genedoc (Nicholas et al. 1997) , essentially as reported previously (Cai and Zhang 2006; Cai 2008) .
Conserved protein domains/motifs were examined using the simple modular architecture research tool (SMART) (Letunic et al. 2004 ) and conserved domain database (CDD) (Marchler-Bauer et al. 2005) servers. Further examination of highly conserved motifs/amino acid residues important for protein function was made by using information from related literature.
Phylogenetic Analyses
Ambiguously aligned sites were removed from the multiple sequence alignments, which were then exported to files in PHYLIP format. Maximum likelihood phylogenies were estimated by PHYML 3.0 (Guindon et al. 2010) , with 100 resampled data sets obtained using SEQBOOT (PHYLIP package, V 3.69) (Felsenstein 1996) , the Jones-Taylor-Thornton amino acid substitution matrix and the eight-category discrete-gamma model. The TREEVIEW program (version 1.6.6) (Page 1996) was used to display the phylogenetic trees.
Results and Discussion
The relatively simpler Ca 2þ signaling machinery in fungi ( fig. 1B) Cai and Clapham · doi:10.1093/molbev/msr149 MBE are absent in fungi could have developed specifically in the lineages leading to animals or have been subsequently lost in fungi following the animal-fungi divergence. To distinguish between these two possibilities, we must rely on related signaling molecules in the common ancestors of Opisthokonta and/or ancestral fungal species immediately after the split from animals. In this report, we examined several genomes for Ca 2þ signaling molecules at the Origins of Multicellularity Database ( fig. 1C ) (Ruiz-Trillo et al. 2007; Sebe-Pedros et al. 2010) , including the basal chytridiomycete fungi Allomyces macrogynus and Spizellomyces punctatus, the amoeboid holozoan Capsaspora owczarzaki, and a putative unicellular progenitor of Opisthokonta-apusozoan Thecamonas trahens (previously known as Amastigomonas sp.) (Cavalier-Smith and Chao 2010), as well as several other select genomes in the Broad Institute and NCBI genomic databases. Our results demonstrate the primitive Ca 2þ signaling machinery in the apusozoan T. trahens and the amoeba C. owczarzaki, which possesses several important components of the animal Ca 2þ signaling machinery previously thought to be specific to metazoans. Furthermore, our analyses reveal a complex Ca 2þ signaling network in basal fungi, supporting the notion of adaptation of Ca 2þ signaling in recent fungal evolution.
Identification of the CatSper Channel Complex in Apusozoan and Basal Fungus
The mammalian sperm-specific CatSper Ca 2þ channel complex contains four pore-forming a subunits and three auxiliary b, c, and d subunits (Ren and Xia 2010; Chung et al. 2011 ). The CatSper complex, which has not been found in non-metazoan organisms, is generally believed to be an animal innovation for sperm hyperactivation (Cai 2008) . All of these subunits underwent concomitant lineage-specific gene losses, possibly due to relaxed requirements for sperm hyperactivation in various animal lineages (Cai and Clapham 2008) . CatSper channels are present in the cnidarian Nematostella vectensis (Cai and Clapham 2008) and the sea sponge Amphimedon queenslandica but not in the two choanoflagellates examined here and C. owczarzaki. Surprisingly, we found that the apusozoan T. trahens contains a complete CatSper channel complex-a subunits 1-4, b and c subunits ( fig. 2) , and a distantly related homolog of the d subunit. Therefore, the CatSper channel complex has an ancient origin predating the divergence of animals and fungi.
Further support for this finding comes from the identification of multiple copies of CatSper subunits in the basal fungus A. macrogynus ( fig. 2) . In contrast to the apusozoan and animals in which four CatSper a subunits form a heterotetrameric channel complex, A. macrogynus is the only species known to possess more than four copies of CatSper a subunits. Similar to its animal counterparts, Ca 2þ influx appears to be important for sperm cell motility in A. macrogynus, which is initiated in response to a sexual pheromone, sirenin, released by female gametes (Pommerville et al. 1990 ). Whether CatSper channels underlie the molecular mechanisms for sperm cell activation in A. macrogynus remains to be studied. CatSper channels in mammals are activated by intracellular alkalization (Qi et al. 2007 ), but other physiological stimuli such as a potential animal analog of sirenin are likely present in light of the complex nature of environments sperm cells encounter during maturation and migration.
Putative Primordial Ryanodine Receptors (RyRs) in Protists C. owczarzaki and Salpingoeca rosetta Intracellular Ca 2þ release from the endo/sarcoplasmic reticulum Ca 2þ store through RyRs and/or the inositol 1,4,5-trisphosphate (IP 3 ) receptors (IP 3 Rs) is a common feature of almost all animal cell types. In mammals, IP 3 Rs are ubiquitously distributed and RyRs are highly expressed in skeletal and cardiac muscles and neurons with lower levels in other tissues (Berridge 2009; Lanner et al. 2010) . IP 3 Rs have been characterized in invertebrates such as Caenorhabditis elegans and Drosophila melanogaster, and more recently, in the ciliate protist Paramecium tetraurelia (Ladenburger et al. 2006 ) and in the choanoflagellate M. brevicollis (Cai 2008) . Although RyRs are identified in invertebrates, they are absent in the choanoflagellate M. brevicollis and the cnidarian N. vectensis (Cai 2008 
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Here, we provide three lines of evidence to suggest that the origin of RyRs could be traced back to the amoeboid protist C. owczarzaki (CowRyR) and the choanoflagellate protist S. rosetta (SroRyR), two unicellular close relatives of animals after divergence from the fungal lineage. First, phylogenetic analysis suggests putative CowRyR and SroRyR homologs might be located in the animal RyR clade ( fig. 3A) . Second, at the protein sequence level, CowRyR and SroRyR are more similar to RyRs than to IP 3 Rs. For example, the functionally characterized protist IP 3 R in P. tetraurelia (PteIP 3 R) (Ladenburger et al. 2006 ) shares 13-14% sequence identity and 29-30% sequence similarity with three human IP 3 Rs and 6-7% sequence identity and 15% sequence similarity with three human RyRs (5% identity and 12-13% similarity, respectively, when compared with CowRyR and SroRyR). Conversely, CowRyR and SroRyR display 12-19% sequence identity and 21-32% sequence similarity with three human RyRs, with less similarities when compared with three human IP 3 Rs (5-7% identity and 12-15% similarity, respectively). In addition, the SPRY structural domain, located in the central IP 3 R-dissimilar region of RyRs, is conserved in mammalian RyRs (three SPRY domains for each human RyR isoform) but not in IP 3 Rs (Ponting et al. 1997) . Searches of the CDD at NCBI revealed the presence of two and one SPRY domain in these putative CowRyR and SroRyR homologs, respectively. A putative RyR homolog containing an SPRY domain is also present in the sea sponge A. queenslandica. In the 20 IP 3 Rs examined here, no SPRY domain was identified.
Third and perhaps more importantly, even though CowRyR and SroRyR possess the common pore sequence highly conserved in RyRs and IP 3 Rs (Zhao et al. 1999; Schug et al. 2008 ), they do not have two of the three critical basic residues critical for IP 3 binding in human/mouse IP 3 R1 (Yoshikawa et al. 1996 )-Lys-508 ( fig. 3B ) and Arg-265 (the IP 3 R1 protein domain containing Arg-265 is conserved in all IP 3 Rs but is absent in any RyR including putative C. owczarzaki and S. rosetta RyRs). In contrast, a key glutamine residue important for ryanodine interaction with RyRs (Gln4863 in human/ mouse RyR2) is conserved in CowRyR and SroRyR but not in their IP 3 R counterparts ( fig. 3C) (Wang et al. 2003) .
The identification of putative RyRs in unicellular ancestral organisms of animals suggests intracellular Ca 2þ release through RyRs might have an early origin in protists, much earlier than previously hypothesized. No IP 3 R and RyR homologs are detected in fungal species examined here, even though phospholipase C and IP 3 signaling appear to be important in fungi biology (Kozubowski et al. 2009 Cai and Clapham · doi:10.1093/molbev/msr149 MBE for coupled ion transport (Cai and Lytton 2004a; Lytton 2007) . Both NC(K)Xs and CAXs are closely related to the prokaryotic exchanger subfamily named after the Escherichia coli YRBG protein (Cai and Lytton 2004a) . NC(K)Xs and CAX exchangers appear to exhibit a mutually exclusive distribution pattern-NC(K)Xs are long thought to be animal specific and CAXs are restricted to bacteria, plants, and fungi (Cai and Lytton 2004a; Shigaki et al. 2006) . Interestingly, we found both NCKX and CAX homologs in the apusozoan T. trahens. The origin of NC(K)X exchangers has been elusive; NCKX1 was initially speculated to have evolved to fit the unusual ionic environment (membrane depolarization and reduced Na þ gradient) of the vertebrate eye by coupling an additional K þ gradient for Ca 2þ extrusion (Visser and Lytton 2007) . Subsequent molecular and genomic studies reveal that NCX and NCKX are widely distributed in invertebrates (Cai and Lytton 2004a) and also in the choanoflagellate M. brevicollis (Cai 2008) . Phylogenetic analysis and BlastP best hits suggest that the Na þ /Ca 2þ exchanger sequences in the genomes of T. trahens and C. owczarzaki appear to be more closely related to NCKXs than to NCXs (fig. 4) . Furthermore, a single aspartate residue conserved in the second a-repeat (Asp575 in human NCKX2) was shown to be critical for the K þ -dependence of NCKXs (Kang et al. 2005) . Mutation of Asp575 in NCKX2 to its counterpart residue Asn in NCXs eliminates the K þ -dependence of NCKX2. Consistent with its phylogenetic grouping with mammalian NCKXs, NCKX in T. trahens has an Asp residue at the equivalent position ( fig. 4B) . CowNCKX in C. owczarzaki contains an Asn at the corresponding position, but it should be noted that CowNCKX, with an overall high degree of sequence homology to NCKXs, also displays substantial sequence divergence from other NCX/NCKX exchangers, even in the signature motif ''GTS(I/L/V/M)PD'' ( fig. 4B ). NCX exchangers might be derived from NCKX exchangers by losing the K þ -dependence at a late evolutionary stage, presumably before the lineage leading to choanoflagellates (the amoeboid holozoan C. owczarzaki contains a copy of NCKX and M. brevicollis contains one NCKX and two copies of NCX, whereas S. rosetta possess two copies of NCX only). These comparisons provide evidence that animal and fungal cation/Ca 2þ exchangers have a common origin in the apusozoan T. trahens before the animal/fungal split.
P2X Purinoceptors in Basal Fungi
P2X receptors are ligand-gated ion channels that are permeable to monovalent cations and Ca 2þ when activated by extracellular ATP (Khakh and North 2006) . Although P2X receptors have been studied mostly in vertebrates, they are also shown to be present in invertebrates and the choanoflagellate M. brevicollis but not in plants and fungi (Cai 2008; Fountain and Burnstock 2009) . Recent characterization of a P2X receptor homolog in the dictyostelid social amoeba Dictyostelium discoideum (DdiP2X) reveals its localization and activity in the intracellular vacuole, distinct from animal P2X receptors that primarily mediate extracellular signaling (Fountain et al. 2007 ).
We identified P2X receptor homologs in the three basal fungi (AmaP2X, SpuP2X, and BdeP2X) (fig. 5) . Fungal P2X receptor homologs share a high degree of sequence similarity with animal and C. owczarzaki P2Xs, mostly in the two transmembrane segments (supplementary fig. S1 , Supplementary Material online). Similar to DdiP2X, basal fungal P2Xs possess a YXXXK motif at the C-terminus, which mediates receptor stabilization at the plasma membrane in all vertebrate P2X receptors (supplementary fig. S1 , Supplementary Material online) (Fountain et al. 2007 ). However, basal fungal P2Xs also display sequence divergence from their animal counterparts and DdiP2X. For instance, two lysine residues in the receptor ectodomain involved in ATP binding (Lys67 and Lys289 in DdiP2X) (Fountain et al. 2007 ) are replaced by Leu/Ser in AmaP2X and Lys/ Asn in SpuP2X. In addition, an Asp residue in the second transmembrane segment (Asp300 in DdiP2X), which is important for vertebrate P2X receptor function (Fountain et al. 2007) , is replaced by a Glu residue in basal fungal P2Xs. Thus, basal fungal P2Xs might have developed new functional properties distinct from their animal counterparts. The fact that P2X receptor is present in the dictyostelid social amoeba D. discoideum but not in the T. trahens genome suggests T. trahens had secondarily lost the P2X signaling.
Ancestral Homologs of Transient Receptor Potential Channels
Transient receptor potential (TRP) channels regulate diverse cellular functions in response to diverse stimuli such as temperature, osmolarity, electrophiles, and second messengers. The mammalian TRP channel family is composed of 28 channel proteins, which are further grouped into six subfamilies (Gees et al. 2010; Wu et al. 2010) . Most TRP channels are Ca 2þ permeable, but the degree of Ca 2þ selectivity varies substantially. In fungi, the yeast TRPY1 (Yvc1) channel is the only well-characterized TRP homolog (Palmer et al. 2001) . TRPY1 functions at the vacuolar membrane to induce Ca 2þ release into the cytoplasm. TRPY1 homologs have been found in other examined fungal species but not Schizosaccharomyces pombe and the parasitic Zygomycetes (Martinac et al. 2008) .
Thecamonas trahens contains eight TRPP and one TRPV channel homologs, whereas three TRP-like sequences (sequences that are homologous to TRP channels but do not group with known animal TRP subfamilies) and one TRPML homolog are present in C. owczarzaki (supplementary fig. S2, Supplementary Material online) . Only the TRPY1 channel was found in the basal fungus S. punctatus (supplementary fig. S2 , Supplementary Material online), suggesting TRPY1 in fungi emerged early after the divergence from the animal lineage. Many TRP-like sequences can be found in some microbial eukaryotes such as Chlamydomonas and Dictyostelium and their functional significance remains to be explored (Martinac et al. 2008) . In contrast, the two choanoflagellates analyzed here possess highly conserved homologs of five mammalian TRP channel subfamilies such as TRPC, TRPV, TRPM, TRPML, and TRPA ( fig. 5) . Therefore, it is likely that further TRP diversification occurred in Ancient Ca 2þ Signaling Machinery · doi:10.1093/molbev/msr149
choanoflagellates such as M. brevicollis and S. rosetta, the closest unicellular relatives of animals known so far.
Other Types of Ca 2þ Channels and Transporters Ca 2þ Release-Activated Ca 2þ Channel Store-operated Ca 2þ entry through the plasma membrane is triggered by the depletion of endoplasmic reticulum (ER) Ca 2þ store through activation of IP 3 Rs. The stromal interaction molecule (STIM) senses the ER Ca 2þ depletion and then activates the Ca 2þ release-activated Ca 2þ -selective channel, Orai, at the plasma membrane (Feske 2007; Hogan et al. 2010) . Orai and STIM homologs are present in two choanoflagellates-M. brevicollis (Cai 2008 ) and S. rosetta, and also in C. owczarzaki, but are absent in the basal fungi examined here and T. trahens ( fig. 5) . Therefore, Orai and STIM-mediated Ca 2þ entry likely evolved in the ancestral animal lineages as early as in the amoeboid holozoan C. owczarzaki, after the animal-fungi split.
Ca
2þ ATPases Ca 2þ ATPases are traditionally classified as the type IIA and type IIB pumps (Axelsen and Palmgren 1998 fig. S3, Supplementary Material online) . Interestingly, the two basal fungi contain putative SERCA homologs grouped with animal SERCA pumps and their secretory pathway Ca 2þ ATPases are also phylogenetically closer to animal SPCA pumps than to the yeast PMR1 molecules (supplementary fig. S3 , Supplementary Material online). These findings suggest that fungal Ca 2þ ATPases might have undergone further diversification in more recent lineages following the divergence from animals.
Voltage-Gated Ca 2þ Channels (CaV) Animal CaV channels share high extent of homology with the fungal Cch1 protein, with a similar structure consisting of four repeats of six-transmembrane domain and P-loop selectivity filters (Zelter et al. 2004) . We found five copies of CaV channel homologs in the apusozoan T. trahens and six copies of Cch1 homologs in the basal fungus A. macrogynus. Interestingly, T. trahens also contains a homolog of the fungal stretch-activated Ca 2þ channel, Mid1. The presence of both animal-type CaV channels and the fungal type Mid1 channel in T. trahens further suggests T. trahens had developed some common ancestral Ca 2þ channels (Cai and Lytton 2004a ) is underlined. The asterisk symbol indicates the location of the key aspartate residue essential for exchanger activity (Cai and Lytton 2004a) . The filled circle indicates the location of the conserved aspartate residue in NCKXs, which is critical for K þ -dependence of NCKX exchangers (Kang et al. 2005) . Bootstrap values greater than 50 are shown at the nodes. Abbreviations used for species: Capsaspora owczarzaki (Cow), Escherichia coli (Eco), Monosiga brevicollis (Mbr), Mus musculus (Mus), Salpingoeca rosetta (Sro), and Thecamonas trahens (Ttr). Cai and Clapham · doi:10.1093/molbev/msr149 MBE before the animal-fungi divergence. The two choanoflagellates and C. owczarzaki do not have Cch1 and Mid1 channels ( fig. 5 ). CaV channel homologs are present in choanoflagellates (one for M. brevicollis and two for S. rosetta), whereas none appears to be present in C. owczarzaki. Two-Pore Channels Two-pore channels (TPCs) were proposed to be a family of intracellular ion channels affecting nicotinic acid adenine dinucleotide phosphate-sensitive Ca 2þ release from intracellular acidic stores in animals (Galione et al. 2009; Cai and Patel 2010; Patel et al. 2010) , although the mechanism might be indirect. TPC homologs are identified in the two choanoflagellates, M. brevicollis (Brailoiu et al. 2009 ) and S. rosetta, as well as in T. trahens and C. owczarzaki ( fig. 5 ), but not in the basal fungi examined here, suggesting that TPC genes might have been lost immediately following the separation of fungi from the animal lineage. MBE also induce apoptotic cell death (Duchen 2000) . There is one Ca 2þ -selective ion channel current, MiCa (Kirichok et al. 2004) , in mitochondria, but the gene encoding this channel(s) has not been identified. The leucine zipper-EF-hand containing transmembrane protein 1 (Letm1) was recently shown to function as a mitochondrial Ca 2þ /H þ exchanger (Jiang et al. 2009 ). The full-length NCLX/NCKX6 exchanger was initially identified to be localized at the plasma membrane (Palty et al. 2004) or retained intracellularly (Cai and Lytton 2004b) but is more recently thought to mediate mitochondrial Na þ /Ca 2þ exchange activity (Palty et al. 2010) . Both Letm1 and NCLX/NCKX6 homologs are widely distributed in eukaryotes, and thus, are also present in all eukaryotic species analyzed here. In contrast, the mitochondrial calcium uptake 1 (MICU1) protein, purportedly required for Ca 2þ uptake in mitochondria, is conserved in animals and some protists but not in fungi (Perocchi et al. 2010) . MICU1 is present in the two choanoflagellates examined here, C. owczarzaki and T. trahens, however, its distantly related homologs also exist in two basal fungi A. macrogynus and S. punctatus ( fig. 5 ). Therefore, the loss of MICU1 might be a more recent event in fungal evolution.
Mitochondrial
Conclusions
We have demonstrated the ancestral Ca 2þ signaling machineries in Opisthokonta, a eukaryotic supergroup including animals and fungi and in the apusozoan protist T. trahens, putative unicellular progenitors of Opisthokonta ( fig. 5) . Following their divergence, animal and fungi appeared to have evolved independently to accomplish their distinct characteristics in each lineage, which is partially reflected by the fact that animals contain a Ca 2þ signaling system more complicated than that in recent fungal species ( fig. 1) . We now reveal a complex ancestral Ca 2þ signaling machinery in the apusozoan protist and the conserved portion in basal fungi and in the holozoan protists closely related to animals and make comparison with those in other fungal and animal species ( fig. 5 ). Subsequent evolution, accompanied by lineage-specific diversifications and gene loss, resulted in two distinct Ca 2þ signaling machineries in animals and fungi. It will be important to investigate the nature of biological properties and regulation of these ancestral homologs. Further expanded genomic analyses from additional diverse multicellular organisms together with their closest unicellular relatives will no doubt provide novel evolutionary and mechanistic insights into Ca 2þ signaling pathway.
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